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ABSTRACT
Resedimented Boston Blue Clay (RBBC) has been used as an analog test material for
research at MIT for decades, due to local variability and the high cost of sampling. However, a
comprehensive study of the differences in behavior between intact and resedimented BBC has
not been completed recently. This thesis analyzes test data from laboratory CRS and triaxial
tests conducted at MIT on intact and RBBC.
Typical ranges for compression ratio, hydraulic conductivity, coefficient of consolidation,
lateral stress ratio, preconsolidation pressure and peak friction angle of RBBC were within
ranges for intact BBC. Ranges for secant friction angle, swell ratio and undrained strength for
intact BBC overlapped and were lower than ranges reported for RBBC.
Both intact and RBBC CRS data plotted to the right of the sedimentation compression
line (SCL) in the Burland (1990) framework, showing significant structure and clay fabric. The
Jaky equation (1948) was found to overestimate KO for intact BBC when using the peak friction
angle, and underestimate KO when using the secant friction angle.
Despite these differences, RBBC should continue to be used as an analog test material for
studying clay behavior of BBC. Future research should expand the comparison into different test
modes and additional clay mineralogies.
Thesis Supervisor: John T. Germaine
Title: Senior Research Associate of Civil and Environmental Engineering
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1. INTRODUCTION
1.1 PROBLEM STATEMENT
Most construction projects of any substantial magnitude in areas underlain by thick clay
deposits conduct exploratory drilling and testing programs. The goal of these programs is to
characterize the subsurface conditions, especially typical engineering properties of the clay, like
Atterberg Limits, water content, compression ratio, lateral stress ratio and hydraulic
conductivity, preconsolidation pressure and strength. Much of the greater Boston area is
underlain by thick deposits of marine illitic clay, locally known as Boston Blue Clay (BBC).
Over the past century, it has been one of the most studied and well understood clays, due in part
to its history of high-rise buildings, and research by local universities and notable geotechnical
engineers like Karl Terzaghi and Charles Ladd.
Unfortunately, obtaining high-quality samples of intact clay is expensive and difficult,
even with piston samplers and heavy drilling mud (Ladd and DeGroot, 2003). Sample
disturbance can result from a number of factors, including encountering obstructions during tube
advancement and mishandling during transportation, among others. These factors, coupled with
natural variability lead to the development of resedimented clays as an analog material for clay
testing and research. Resedimented clays consist of intact clay powder that have been oven-
dried, ground, sieved, and then mixed with low concentrations of salt water and blended (Casey,
2011). This results in a soil slurry that is then put inside a greased consolidation cell and one-
dimensionally consolidated to the desired stress. Upon completion of consolidation, the clay can
be carefully removed and used in laboratory experiments.
While the resedimentation process has been successfully used and refined at MIT over
the past 50 years, subtle and sometimes significant differences in the behavior of intact and
resedimented BBC (RBBC) have been observed during laboratory testing. Table 1-1
summarizes key differences between intact and RBBC. Occasionally noted in small sections of
graduate theses, a comprehensive analysis of the variation in behavior between intact and natural
BBC has yet to be conducted.
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1.2 SCOPE AND OBJECTIVES
The goal of this research is to compare the behavior of intact and resedimented BBC.
This goal will be met through several objectives, notably: performing a broad-based literature
review of existing research, create a database of previous research on BBC, and analyzing the
comparisons between intact and resedimented BBC while documenting research that can be
expanded on by future researchers. These objectives will be discussed in additional detail below:
1. Literature Review: The goal of the literature review is twofold: to research the
differences in behavior between intact and resedimented clays and to review existing
research conducted on Boston Blue Clay.
2. Create a Database: Using the existing research identified in the literature review,
create a database in Microsoft Excel that documents test number, sample ID,
elevation, test quality, Atterberg Limits data and engineering properties (k, CR, SR,
K, e, Cv, etc.). Ultimately, provide a copy of this database in electronic format for
inclusion in the thesis for future researchers to utilize and expand upon.
3. Analyze Differences in Behavior: Locate and identify trends in intact and
resedimented clay behavior. Identifying trends between a laboratory-manufactured
clay and one obtained from a natural deposit will be the most challenging component
of the research, as large scatter in data exists for intact clay, even of the highest
quality samples. Discerning the cause of the scatter is also of critical importance, to
ensure that observed scatter is not due to laboratory bias.
4. Provide a basemap for future research: Ideally, the data collected in this thesis can be
used for the starting point of additional research into the behavior between intact and
resedimented clays that could be expanded into different test modes and clay types.
1.3 ORGANIZATION OF THESIS
This thesis is broken into 7 chapters that are discussed in further detail below.
Chapter 2 presents a literature review of previous research on both intact and
resedimented Boston Blue Clay. Work by Estabrook (1991) and de La Beaumelle (1991) on
intact BBC for both SHANSEP and Recompression testing for Boston's Central Artery/Tunnel
15
project is reviewed. Berman (1993) studied triaxial testing of intact BBC on MIT's campus for
Building 68. Her work was supplemented by laboratory data conducted by Dr. Germaine on
behalf of Haley and Aldrich for the recent Stata and Simmons Hall projects. Resedimented BBC
at varying pressures was studied by Abdulhadi (2009) and several CRS tests were performed on
RBBC by Force (1998) and Gonzalez (2000). Additionally, several individual tests were taken
from the research of Casey (2011) and Horan (2012), as well as Santagata (1994) and Sheahan
(1991). The review concludes with a comparison of the behavior of intact and reconstituted soils
by Burland (1990).
Chapter 3 describes how comparisons were made between intact and resedimented clay.
Included, are how tests were selected, what material properties were studied and brief
descriptions of the data sources. Finally, simplifying assumptions and limitations on the
presented results are discussed.
In Chapter 4, comparisons between intact and RBBC begin to be discussed, starting with
compression behavior. Trends with Atterberg Limits, the coefficient of lateral earth pressure and
effective stress as well as elevation are compared to reported values of compression ratio, CR.
Relations to swell ratio and OCR are explored and test data are evaluated against Burland's
intrinsic compression line (ICL) and the sedimentation compression line (SCL).
Chapter 5 explores hydraulic conductivity of intact and resedimented BBC. Hydraulic
conductivity is studied in conjunction with void ratio, porosity and stress-level dependence. The
coefficient of consolidation is also briefly discussed.
Strength components of intact and resedimented BBC are discussed in Chapter 6. Both
peak and secant friction angle and undrained strength ratio (USR) are evaluated against vertical
effective stress. Lastly, coefficient of lateral earth pressure is compared against friction angle and
USR.
A brief summary and important research conclusions are presented in the final chapter, as
Chapter 7. Future research areas and the importance of electronic data storage are also discussed.
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Table 1-1: Comparison of Resedimented and Intact BBC Properties,
from (de La Beaumelle, 1991) and (Sheahan,
17
1991)
Clay USR=qf/Y',e n Ef(a iab Ar
Type Peak MO Peak MO Peak MO
BBC 0.322 ± 0.250 0.155% 11.6% 0.436
III 0.004SD 0.004SD 2 0.562 0.4SD .85SD 25 33.4 0.12SD
0.48S1
Natural 0.279 0.207 0.481 0.86
BBC 0.O1OSD 0.021SD 13 0.36% 10.2% 22.2 31.2 0.09SD0.014
2. LITERATURE REVIEW
2.1 RESEARCH ON INTACT BOSTON BLUE CLAY
2.1.1 Evaluation of SHANSEP Strength-Deformation Properties of Undisturbed Boston
Blue Clay from Automated Triaxial Testing (de La Beaumelle, 1991)
de La Beaumelle analyzed clay samples from two special testing sites in South and East
Boston completed as part of Boston's Central Artery/Third Harbor Tunnel (CA/T, aka the Big
Dig) project. Samples were obtained using piston samplers or Sherbrooke Block Samplers
(South Boston, only) and heavy-weight drilling mud prior to laboratory extraction. de La
Beaumelle performed 56 (46 with good results) Ko-consolidated undrained strength tests at
varying OCR (1-8) using the SHANSEP method as well as 9 lateral stress oedometer tests.
de La Beaumelle describes a trend where KONC was observed to decrease with depth. He
cites that "for El. 70 to El. 40, KO[NC] ranging from 0.56 to 0.61 down to typical values of 0.53 to
0.57 for the bottom 40 ft (El. 20 to El. -20)." A mean value of 0.557 ± 0.025SD is cited; using
the Jaky equation, D'm = 31.2 +1 .3SD. Note that elevations are referenced to the CA/T datum,
which is further discussed in Chapter 3, Section 3.3 of this thesis.
Several other important conclusions are included, notably that peak failure is caused by
relatively small axial strains, approximately 0.355% ± 0.15SD. Also, "a large amount of strain-
softening until the maximum obliquity condition is reached, resulting in a friction angle at MO
much greater than at peak." (approximately 25% less shear stress than at peak). The undrained
strength ratio was observed to be constant; normalized Young's modulus was approximately 273
55 (no trend observed). Results for the South and East Boston sites were found to be
comparable, when tested in triaxial compression.
de La Beaumelle also includes a brief comparison of the behavior of intact versus
resedimented BBC as studied by 8 triaxial tests conducted by Sheahan (1991). He notes a
number of important observations. First, compression curves for BBC may have some double
curvature, but it is significantly less pronounced than compression curves obtained from intact
clay. Second, compression ratios for resedimented BBC were less and showed considerably less
scatter than intact BBC (0.132 - 0.187, versus 0.15 to 0.75). de La Beaumelle notes that "BBC
III has a 15% higher qf/c-'vc that appears to result from the lower preshear Kc of only 0.48 (versus
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0.56 for natural BBC). The low K, in turn led to a higher peak (p'r and a lower A,..."
Resedimented BBC was also noted to have a higher effective friction angle at maximum
obliquity and less strain softening. A summary table of selected properties was previously
included as Table 1-1.
2.1.2 Comparison of Recompression and SHANSEP Strength-Deformation Properties of
Undistrubed Boston Blue Clay from Automated Triaxial Testing (Estabrook, 1991)
A companion thesis to de La Beaumelle, Estabrook performed tests using the
recompression technique and compared the results to de La Beaumelle's results using the
SHANSEP testing approach. Estabrook performed tests exclusively on the South Boston clay,
performing 28 triaxial compression tests (9 from tubes, 19 from block samples) and 13 tests in
triaxial extension (2 from tubes, 11 from block samples).
Estabrook found a number of observations from her study of intact BBC behavior. First,
intact normally-consolidated BBC has an S-shaped (double curvature) compression curve. This
trend results in a maximum CR value located just past the preconsolidation pressure and
decreasing to a near-constant value. CRmax is often above 0.4 and has been reported as high as
0.7 for intact BBC before decreasing to more constant values around 0.15 to 0.2. Plots of CR
versus elevation can be found in Figure 2-1 and Figure 2-2, for South and East Boston,
respectively. In South Boston, the transition from OC to NC was found to occur around El. 20
(CA/T datum); this change was noted higher in East Boston, at El. 40 (CA/T datum). Estabrook
also noted that excessive deformation around the expected maximum past consolidation pressure
is indicative of excessive sampling disturbance. Furthermore, preconsolidation stress can be
difficult to locate, and may require LIR values as low as 0.1 when performing 1 -D oedometer
testing.
Estabrook also concluded that in a high quality sampling program utilizing heavy-weight
drilling mud and fixed piston samplers, the differences between tube and block samples were
minimal. KONC) was also noted to be approximately 0.56.
With high quality samples, Estabrook concluded that recompression testing results are
better representative of stress-strain-strength behavior of BBC. Recompression tests are faster to
run and don't underestimate peak strength, strain at failure, nor normalized undrained Young's
modulus, that is often accompanied with SHANSEP testing. Estabrook also noted a tendency to
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mask strain-softening behavior during SHANSEP testing. For a comparison of SHANSEP
versus recompression testing behavior, see Figure 2-3.
2.1.3 Characterization of the Engineering Properties of Boston Blue Clay at the MIT
Campus (Berman, 1993)
Berman's thesis contains a thorough overview of the soil properties underlying the MIT
Campus. Samples were collected from borings performed for the MIT Biology Building (Bldg.
68) near the intersection of Ames and Main Streets in Cambridge, MA. Berman conducted tests
to analyze intact clay behavior in a number of failure modes including 1 -D oedometer (3 tests)
and CRS (6 tests). Berman also performed Ko-consolidated undrained strength tests in triaxial
compression (21 tests), triaxial extension (11) and DSS (16 tests), as well as index tests. Triaxial
tests were performed in both recompression and SHANSEP modes, while DSS testing was only
conducted via the SHANSEP approach. Recompression and SHANSEP testing results were
compared from Berman's research as well as Estabrook's and de La Beaumelle's data from
South/East Boston. Berman also analyzed piezocone. profiles from the same site, although this
portion of the thesis was not utilized for comparing intact versus resedimented behavior.
Berman concluded that recompression and SHANSEP testing results are in excellent
agreement for triaxial compression. "Recompression data from South Boston indicate that the Faf
remains essentially constant with increasing OCR and probably better reflects in situ behavior,"
whereas Eaf tended to increase with increasing OCR. Berman also noted that for SHANSEP
tests, the normalized undrained Young's modulus at 50% stress to failure was approximately 275
regardless of OCR. Normalized undrained Young's modulus increased with increasing OCR for
recompression tests.
2.2 RESEARCH ON RESEDIMENTED BOSTON BLUE CLAY
2.2.1 Factors Controlling Pore Pressure Generation During Ko Consolidation of
Laboratory Tests (Force, 1998)
Force studied the effect of strain rate on the dissipation of excess pore pressure in the
Wissa constant rate of strain apparatus for RBBC. Testing specimens over a strain rate range of
0.7 to 12.7% while using a special probe to measure pore pressure in the middle of the sample,
she confirmed "the relationship between excess pore pressure, hydraulic conductivity of the soil,
strain rate and height," as well as the use of linear theory in the interpretation of CRS results.
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Force concluded that the strain rate at the time of 0.1 %/hr could be increased "by almost an order
of magnitude." The author utilized data from CRS tests 238, 239, 241-244 and 250 to analyze
hydraulic conductivity and the coefficient of consolidation for RBBC.
2.2.2 Experimental and Theoretical Investigation of Constant Rate of Strain Consolidation
(Gonzalez, 2000)
Gonzalez performed a number of CRS tests using the Wissa consolidometer to analyze
differences between linear and nonlinear theory on several different soil types and at varying
strain rate. Of these tests, 13 tests were performed on RBBC. Gonzalez concluded that results
for linear and nonlinear theory are similar at low stress levels and begin to diverge at higher
stress levels, where for "the fast test the nonlinear theory produces results that are closer to the
slower strain rate results than the linear theory". Gonzalez also noted that tests performed at
higher strain rates increase the maximum past pressure by 10-15%. These conclusions echo those
made by Force (1998). The coefficient of consolidation, C, was shown to increase with
increasing stress level. Figure 2-4, Figure 2-5, and Figure 2-6 show void ratio versus effective
stress, Cv versus effective stress and hydraulic conductivity versus void ratio for 6 CRS tests on
RBBC.
Gonzalez also had several other important conclusions. He concluded that, "the pore-
water pressure ratio (Aub/av) should be less than 0.15 to achieve accurate results with only
negligible differences between linear and nonlinear theories." Gonzalez also found that there is a
apparatus stiffness issue, which can have large impacts on results, especially for RBBC. The
apparatus stiffness is believed to be the reason that RBBC showed little strain rate effects when
observing hydraulic conductivity, and the impetus for a relation between coefficient of
consolidation and strain rate.
2.2.3 An Experimental Study of the Time-Dependent Undrained Shear Behavior of
Resedimented Clay Using Automated Stress Path Triaxial Equipment (Sheahan,
1991)
Sheahan had several contributions to geotechnical laboratory testing and behavior of soft
clays at MIT in his 1991 Sc.D. thesis. First and foremost, he wrote the source code for
automated triaxial testing that still serves as the backbone of computer-automated strength
testing in the MIT geotechnical laboratories and aids in regression of raw data files. Secondly,
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he investigated strain rate effects on strength testing of RBBC. Testing RBBC at strain rates of
0.05, 0.5, 5 and 50% per hour in both compression and extension modes at varying OCR (1,2,4
and 8), Sheahan found, "In compression, the undrained strength increased with strain rate as
follows: across the three slowest strain rates, the increase in Su drops from 7% per log cycle of
strain at OCR= 1 to negligible changes at OCR=8; across the fastest strain rates, a strength
increase of about 8% occurs at all OCRs." Sheahan also incorporated lubricated end platens to
reduce irregular pore pressure distributions and so-called "dead zones". This author utilized data
from triaxial tests TX 11 and TX 13 for undrained strength data at OCR= 1.
2.2.4 Simulation of Sampling Disturbance in Soft Clays Using Triaxial Element Tests
(Santagata, 1994)
Santagata investigated the impact of sampling disturbance on the strength and
compression behavior of NC and OC RBBC (up to OCR=8). By creating disturbances on
laboratory samples and performing ID triaxial element tests, she found several conclusions: NC
RBBC was more affected by disturbance than OC RBBC and "increasing disturbance causes a
decrease in the compression ratio of the soil and an increase in the strains at any given stress, but
does not significantly affect the preconsolidation pressure which for all levels of disturbance is
estimated within 10±5%. In all cases disturbance leads to an overestimation of a'," (1994).
Santagata also noted that the USR decreases with increasing preshear Ko. This author included
triaxial tests TX123 and TX 130 in Chapter 7 to highlight previous research on the undrained
strength of RBBC.
2.2.5 An Experimental Investigation into the Stress-Dependent Mechanical Behavior of
Cohesive Soil with Application to Wellbore Instability (Abdulhadi, 2009)
Abdulhadi conducted a number of experiments on RBBC to investigate normalization
behavior over a wide range of stress levels (0.15 to 1 OMPa). Three CRS tests were conducted,
along with 25 Ko-consolidated specimens (of which 21 were sheared in compression). His
principal findings were a, "remarkable reduction in the undrained strength ratio (su/ y've) with
consolidation stress level, notable reduction in the stiffness ratio (Eu/ c'c), increase in the strain
to mobilize peak resistance (se), and a significant decrease in the large strain friction angle (CD)."
Abdulhadi also conducted experiments regarding borehole stability, the results of which are not
included in this review.
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2.3 RESEARCH ON BEHAVIORAL COMPARISONS BETWEEN INTACT
AND RESEDIMENTED CLAYS
2.3.1 On the Compressibility and Shear Strength of Natural Clays (Burland, 1990)
Burland introduces a framework for comparing the intrinsic behavior of clay (in the
reconstituted state) and the sedimentation behavior of clay, due to geological processes, like
glaciation. He reasons that reconstituted clays should lie on a line known as the intrinsic
compression line (ICL). The ICL can be defined using a parameter known as the void index, I,
where:
Iv = (e -e*ioo) / (e*1oo - e*1ooo) (Eq. 2.1)
and e*loo and e*1ooo are the void ratios at 100 and 1000 kPa, respectively (see Figure 2-7 through
Figure 2-9). A regression of the line results in the following equation for I:
Iv = 2.45 -1.285x + 0.015x 3  (Eq. 2.2)
where x = log (ov), in kPa. The sedimentation line can be defined through laboratory testing and
the equation for void index. Although the regression through the SCL is approximately
curvilinear, the individual points often are not, and may be saw-toothed, "reflecting temporal
variations in depositional conditions." The slopes of the lines of the ICL and SCL, as shown in
Figure 2-9 are approximately parallel and display "the enhanced resistance of a naturally
deposited clay over a reconstituted one and results from differences in the fabric and bonding
(i.e. the structure) of the soil skeleton." However, Burland goes on to note that, "at pressures in
excess of 1000 kPa the ICL and SCL tend to converge."
Some clays, such as those from the Mississippi delta do not follow the SCL and instead
resemble the double-curvature behavior. Burland attributes this behavior to the fabric of the soil
which can be open (dispersed) or closed (flocculated). "The two most significant depositional
factors are likely to be the rate of deposition and the stillness of the water," notes Burland, with
slow deposition resulting in the dispersed-type of fabric. A number of clays are plotted in Figure
2-10 originally presented by Skempton in 1970. Burland notes several important observations
from Figure 2-10:
* The compression curves tend to converge at high stress;
* Clays with higher liquid limits have higher insitu void ratios;
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0 Sensitive clays tend to lay on the right hand side of the plot;
0 The relationship between void ratio and log vertical effective stress is
approximately linear for individual clays
Most normally consolidated clays lie along the SCL. However, some clays do lie above
the SCL. These clays are often cemented clays, and their presence away from the SCL is
indicative of their sensitive nature (Figure 2-10). The Burland compression framework is further
discussed in Chapter 4 of this thesis.
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3. COMPARATIVE METHODLOGY
3.1 BASIS FOR COMPARISONS
Comparing the behavior of resedimented and intact clay can quickly become
overwhelming without adequately bounding one's research. In addition, the limited time
available for research (6 months for MEng vs. 2 years for M.S.) required reducing the scope to a
manageable level with quality finished work product. To complete these objectives, the
subsequent analysis was restricted to the following:
1. Geographic Location:
Intact and resedimented clays from the Boston basin area Only (including
Cambridge).
2. Test Mode/Type:
Only constant rate of strain (CRS) consolidation and triaxial compression (both
SHANSEP and Recompression) tests were included for the analysis. Triaxial
extension, oedometer and direct simple shear (DSS) tests were not included.
3. Stress Range:
Only behavior of normally consolidated (NC) clays was considered (up to ~1.2
OCR). Rarely are truly NC deposits encountered in nature due to mechanical ageing
and creep. However, NC behavior was studied because significant portions of BBC
are considered to be NC, behavior is more likely to be linear for NC than for OC
clay, and tests were SHANSEP consolidated. As a result, a comparative study of
overconsolidated BBC in the intact and resedimented state was not included in this
research. Nonetheless, several overconsolidated tests were used for comparison with
material parameters (AL, a'p, a'vo, etc.).
4. Basic Material Behavior (Atterberg Limits):
For a test to be considered, Atterberg Limits testing had to have been performed on a
sample from the same tube. Atterberg Limits provide a simple means for bounding a
sample's range of behavior and its in-situ water content. Unfortunately, rarely were
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index tests performed following consolidation or strength testing. The author
assumed that the soil from which index tests were performed was similar to
specimens tested in consolidation or shear by looking at water content data from
tube samples and searching for large discrepancies in measured water content (this
may or may not be a conservative assumption). Furthermore, Atterberg Limits (AL)
test data from South Boston were not tabulated and interpreted from plots of AL vs.
elevation.
3.2 COLLECTION OF DATA
Data were collected from previous research conducted at MIT on both intact and
resedimented Boston Blue Clay, as well as from testing programs from on-campus buildings.
From MIT's campus, data from intact clay samples were obtained from the Stata Center,
Building 68 (Biology) and Simmons Residence Hall. Data were also obtained from Central
Artery testing sites in South and East Boston. All sites used heavy-weight drilling mud and
piston samplers for obtaining intact Shelby tube samples. A table outlining the number of intact
tests performed by each researcher, test mode and sample location is shown as Table 3-1. A map
showing the relative locations is shown in Figure 3-1.
Data for resedimented Boston Blue Clay also came from several researchers, including
Abdulhadi, Casey, Force, Gonzalez and Horan. A summary of resedimented tests, researcher and
test type is summarized as Table 3-2. All data referenced in this thesis for resedimented BBC
were from Series IV BBC processed from the Bldg. 68 excavation on campus; however, several
tests by Santagata and Sheahan from Series III were also included for reference. For additional
information on the resedimenting process and typical batch properties, see Chapter 3 in
Abdulhadi (2009).
3.3 SELECTION OF A DATUM
All figures included in this thesis are referenced to Cambridge City Base (CCB) and are
in feet, unless noted otherwise. Data from South and East Boston originally in de La Beaumelle
(1991) and Estabrook (1991) were presented in the Central Artery/Tunnel datum where:
CCB = CA/T - 89.16 feet (Eq. 3.1)
To convert CCB to the means sea level (MSL) datum of 1929, use the following:
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CCB = MSL - 10.84 feet (Eq. 3.2) (Haley and Aldrich, 2002)
3.4 LIMITATIONS ON ANALYZED DATA
All data are subject to certain limitations, and this thesis is no exception. Much of the
data used in this thesis was not available in electronic format. Furthermore, not all data was
tabulated. Thus some data points were estimated or interpolated from figures and are
approximate. Where preconsolidation pressures are reported, they are the average of the Strain
Energy and Arthur Casagrande methods, except where noted. For resedimented clay, since
samples were prepared from batches, individual test limits were not performed, but limits from
the individual batches were used instead.
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Table 3-1: Sources of Data for Intact BBC
Lo tion Location Year Tet Test Type Researcher
Bldg.T68 Cambridge 1993 29 CRS/Triaxial Berman
Stata Center Cambridge 2000 20 CRS H&A, Germaine(MIT)
Hall M Cambridge 2002 10 CRS H&A, Germaine
South South Recompression/SHANSEP de La Beaumelle/
Boston Test Boston 1991 14 Triaxial Estabrook
Site _________ _
Test ston Bston 1991 6 SHANSEP Triaxial de La Beaumelle
Note: Tests performed on NC clay in compression
Table 3-2: Sources of Data for Resedimented BBC
No.
Year Tests Test Type Researcher
1998 7 CRS Force
2000 6 CRS Gonzalez
2009 3/14 CRS/Triaxial Abdulhadi
2012 6 Triaxial Casey
2012 1 Triaxial Horan
Note: All tests performed
MIT's campus.
on Series IV RBBC from the Bldg. 68 excavation on
33
Figure 3-1: Locations of Intact BBC
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4. COMPRESSION BEHAVIOR
4.1 INTRODUCTION
Compression curves allow geotechnical engineers to evaluate the compressive behavior
of cohesive soils. Generally, void ratio is plotted against vertical effective stress (log scale) as
shown in Figure 4-1, although strain rate is frequently substituted for void ratio on the vertical
axis. Clays often have a log-linear relationship between void ratio and effective stress. The
slope of the line from the initial void ratio down to the beginning of the curved portion is termed
the recompression ratio (RR) and is given by the equation:
RR = [Ae / log(AcY'v)] / (1+eo) (Eq. 4.1)
The point of maximum curvature is defined as the preconsolidation pressure (a'p) and is
the largest stress the soil has been subjected to previously. Often, the recompression portion of
the curve is subject to disturbance due to sample retrieval, transport and laboratory set-up. An
unload/reload increment is often performed just after the preconsolidation pressure in an effort to
more accurately estimate the RR. The portion of the curve to the right of the preconsolidation
pressure is referred to as the normally consolidated region (or virgin compression line) as the
preconsolidation pressure is now equal to the vertical effective stress. The compression ratio is
the slope of the normally consolidated portion of the compression curve. Swell ratio (SR), or the
increase in volume after reduction in vertical effective stress can be calculated by incrementally
removing the load and observing swell. SR can be calculated using the method to obtain RR.
(Coduto, 1999)
4.2 TRENDS WITH ATTERBERG LIMITS
Properties of RBBC are fairly constant and well documented. Typical values of liquid
limit, plastic limit and plasticity index are 45 to 46%, 22 to 23% and 22 to 23%, respectively.
Abdulhadi (2009) reported a specific gravity of solids of 2.81, a clay fraction of 56% and a salt
content of 11.1% (intact BBC is approximately 16 g/L). Compression ratios trended between
0.18 to 0.155 at stresses of 0.2 to 0.8 MPa, while swell ratios ranged from 0.011 to 0.019 for
OCR between 2 to OCR 8 (Abdulhadi, 2009). While the intrinsic properties of RBBC are
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relatively constant (some are stress-dependent), a large range in data exists for natural BBC
under various engineering test modes.
For intact BBC, some previous authors reported tabulated values of CRmin, while others
reported values as CRmax. Still other values were reported as an average over the tested stress
range. This author selected average CR values or CRmin, if reported. Values of CRmax were
included if no other information was provided. Only 2 of the CRmax values seemed unreasonably
high (TX10 and TX17 with CR=0.55 and 0.5, respectively), all other values were within the
range of typical CR for BBC, between 0.13 and 0.22. Compression ratios (CR) of intact BBC
ranged from 0.10 to 0.55, with a mean CR of 0.196 ± 0.075 based on 67 tests. This average
value of CR is above the upper bound of the range noted above for RBBC. It should be noted
that there was a slight variation in average CR over the several test sites studied, although
individual sample subsets varied widely. For East Boston, the average CR value was 0.206
0.023 (n=4), 0.272±0.115 for South Boston (n=13) and 0.175±0.048 (n=50) for Cambridge. Of
those three means, only Cambridge was within the range noted for RBBC.
Figure 4-2 plots CR versus liquid limit while Figure 4-3 and Figure 4-4 plot CR versus
plastic limit and plasticity index, respectively, with Cambridge shown in blue (diamonds), South
Boston in red (squares), East Boston in green (triangles) and RBBC in purple (x's). No clear
trend was observed between Atterberg Limits and compression ratio, however local geographic
banding was noted between the data sets. Liquid Limit ranged from 22.6 to 66 (43.3, average)
for the entire data set and from 22.6 to 54.2 (40.0, average) for the Cambridge subset. Liquid
Limit for the South Boston subset ranged from 42 to 56 (50.3, average) and from 53 to 66 (58.4,
average) for East Boston. Plastic Limit ranged from 16.1 to 29.6 (20.9, average) for Cambridge,
18 to 26 for South Boston (22.8, average) and 23 to 27 for East Boston (25.0, average).
Plasticity index data was similar to liquid and plastic limit data with a large range of 6.4
to 41 for the sample population, 6 to 30.3 for Cambridge (19.1, average), 25 to 34 for South
Boston (28.6, average) and 29 to 41 for East Boston (34, average).
In both Figure 4-2 and Figure 4-3, data from the Cambridge subset have the widest range
and the lowest CR values. South Boston trended to have the highest CR values with mid-range
limits, while East Boston trended far to the right, although several Cambridge outlier points were
scattered around East Boston data as well. RBBC fit within the bounds for intact BBC, although
compression ratios were generally lower than for those of intact BBC. RBBC appears as a
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vertical line due to the large stress range over which it was tested, as Abdulhadi (2009) noted that
CR decreases with stress level.
Figure 4-5 plots compression ratio versus water content. A clear trend can be observed,
with CR increasing with increasing water content according to the following equation:
we = -529.49(CR)2 + 293.1(CR) + 2.3146, R2= 0.70, n=67 (Eq. 4.2)
This is intrinsically satisfying, as samples with higher water contents would be expected to
undergo additional compression to remove extra water that would not be present at lower water
content. Unfortunately, reversing the axes of Figure 4-5 results in the plot depicted in Figure
4-6, which is far less useful to practicing engineers. The corresponding quadratic equation is:
CR = 0.0003(wc) 2 - 0.0138(we) + 0.2674, R2 = 0.56, n=67 (Eq. 4.3)
A designer with a given water content is unable to go into the chart and accurately select a
compression ratio. However, Figure 4-6 may be useful in evaluating whether a tested sample's
compression ratio is acceptable or should be considered suspect.
Compression ratio was also plotted against elevation referenced to Cambridge City Base
(CCB) datum as Figure 4-7. Note that CCB is 89.16 feet lower than the Central Artery/Tunnel
datum. CCB is also 10.84 feet lower than Means Sea Level datum of 1929 (Haley and Aldrich,
2002). One would expect to see initially low values of CR due to dessication and
overconsolidation of the clay crust, with CR increasing with depth, as the stiffness of BBC
decreases with depth. However, this expected trend is hard to observe due to a small cluster of
data between El. -60 and El. -75 and one other point scattered further down. Upon closer
inspection, all three data points are from the Building 68 explorations, CRS283 at El. -90.7 is
from Simmons Hall and the points clustered at El. -70 along the vertical axis are from the Stata
Center. Of the remaining 6 data points from Building 68, 3 have specimen water contents
greater than their liquid limit. Also, their depth may be indicative of a higher silt content, which
could explain the low values for CR, although gradation or hydrometer analyses were
unavailable for validation. Omitting this cluster of points that tend to share low CR values at low
elevations would support the expected trend.
Figure 4-8 plots compression index and vertical effective stress for several CRS tests on
intact BBC. CRS 1219 is included as a reference for RBBC and can be seen to have a slightly
decreasing compression index over one log cycle of stress, decreasing from 0.35 to 0.31 between
4 and 40 ksc. A summary of material properties can be found in Table 4-1. Note that not all
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curves appear to be connected, as some tests had unload/reload cycles that resulted in additional
secondary compression, prior to reload - these portions of the curve were omitted for clarity.
Preconsolidation pressures generally appear as the change in curvature on the first curve,
before approaching some constant value at high effective stress, however intact BBC does not
approach a common compression index value. CRS tests 294 and 343 were included, because
they were performed at the highest values of liquid limit and plastic limit, respectively that were
recorded from available test data. Whether tests approached a constant compression index value
above or below the RBBC trendline appears to be linked to specimen water content. CRS tests
287, 290, and 317 all plotted below the RBBC line, as represented by CRS 1219 and had water
contents above 38%. In contrast, CRS 283, 294, and 343 all had specimen water contents below
34%.
CRS test 283 had the sharpest transition between the initial and final portion of the curve;
it was also the only test analyzed that appeared to be normally consolidated (OCR= 1.1, aT'yoa'p).
All other analyzed tests had OCRs greater than 1.8.
Trends from Atterberg Limits allow several important observations. First, it shows the
high variability in natural soils. While RBBC is essentially a homogenous clay fabric with
nearly constant intrinsic material properties (albeit some are stress-dependent), natural BBC
shows large ranges in liquid limit, plastic limit and compression ratio. Second, the data
demonstrate that while generalizations can be made about intact clay properties with sufficient
test data, subtle trends can be observed from geographic subsets located only several miles away.
These geographic differences could be attributed to slightly different depositional environments
or geologic differences, such as changes in loading due to glacial retreat.
4.3 EFFECTIVE STRESS AND PRECONSOLIDATION PRESSURE
Figure 4-9 shows CR plotted against maximum pre-shear vertical effective stress. Test
data is skewed towards lower stresses and all intact BBC samples were tested to effective
stresses under 30 ksc. Only recently has research been directed towards high stress testing and
resulted in subsequent developments in high pressure testing cells. Compression ratio is
relatively constant for RBBC over one log of stress, ranging from 0.155 to 0.18 (Abdulhadi,
2009). Compression ratios of natural BBC tend to show significant scatter with no obvious
stress-level dependence.
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Compression ratio and in-situ void ratio are plotted as Figure 4-10. A clear linear trend
between void ratio and CR is evident for intact BBC. Lower CR is expected with lower void
ratio, as the soil is already significantly compacted due to past geologic processes, whereas a
higher void ratio could be indicative of a reduced overburden thickness. A regression through
the intact BBC data yields an equation, where:
CR = 0.221eo - 0.05, R2=0.37, n=68 (Eq. 4.4)
A similar trend for RBBC was not observed, likely because tests on RBBC at MIT are
typically carried out over a much greater range of effective stress than natural samples would be
subject to in the field. Furthermore, multiple values of CR were cited for the same test at varying
effective stress. To see if this trend was reflected in RBBC, additional tests would need to be
conducted at lower effective stress and over a greater range of initial void ratio.
Figure 4-11 plots in situ void ratio and preconsolidation stress for the intact data set
(n=78). A representative RBBC line (CRS1219) is also included for reference. Natural BBC
had a large range of in-situ void ratio and preconsolidation pressure. In-situ void ratio ranged
from 0.70 to 1.37, with a mean void ratio of 1.05±0.143, and showed a trend to decrease with
depth, as illustrated in Figure 4-12. For natural BBC, an extremely large range of
preconsolidation pressures can be characterized at a given void ratio. For example, at eo -1.1
preconsolidation pressures range from 2 to 13.7 ksc (approximately 1.46 ksc for RBBC). Much
of this variation is due to nonhomegeneous geologic processes. Natural BBC has a distinctive
crust due to various physical processes, including cementation, dessication and groundwater
pumping (Jamiolkowski, 1985) (Whittle, 2012). Another critical observation is that the RBBC
trend for preconsolidation stress passes through the range of data for intact BBC. This reinforces
our confidence in RBBC as an analog test material.
A vertical stress history profile is included as Figure 4-13 (Ladd and DeGroot, 2003).
The preconsolidation pressure profile is distinctively bilinear due to the overconsolidated crust
overlying thick deposits of normally consolidated BBC. The South Boston and Bldg. 68 sites
also had distinctively different stress histories, despite their close proximity to one another. For
the South Boston site, initially, the preconsolidation pressure is as high as 15 ksf at El. -40,
decreasing linearly to approximately 5 ksf at El. -80, where the clay becomes normally
consolidated and follows the in-situ vertical stress line. The Cambridge site, in contrast starts at
about 10 ksf at El. -20 and decreases to about 5 ksf at El. -60 before joining the NC line.
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4.4 SWELL RATIO
As noted previously, Abdulhadi reported swell ratios of 0.011 to 0.019 for OCR between
2 to 8 (2009) for RBBC. Swell ratios for intact BBC were reported from several sources.
Berman conducted 6 CRS tests for Building 68. Germaine also performed 19 CRS tests for the
Stata Center (plus an additional 13 unload/reload loops) and 18 CRS tests for Simmons Hall
(plus an additional 12 unload/reload loops). CRS tests performed for Stata (B 101 and B 102) and
Simmons (B99) were all performed at an OCR of 2, whereas Berman performed tests at
OCR=10. Swell ratios calculated by Germaine are the secant swell ratio after one cycle of
secondary compression. Berman (1993) did not allow pore pressure dissipation or secondary
prior to estimating the swell ratio.
A plot of swell ratio with elevation for intact BBC can be found as Figure 4-14. A total of
50 swell ratios for intact BBC were measured, with a mean value of 0.0093±0.0018 and a range
from 0.001 to 0.029. The range of swell ratio for RBBC as quoted by Abdulhadi (2009) is
within the range for intact BBC. The average swell ratio for intact BBC of 0.009 is just outside
the lower bound of the range for swell ratio (0.011) as reported by Abdulhadi (2009).
A number of CRS tests on intact BBC had two unload loops. The first was performed
just after the estimated preconsolidation pressure to OCR=2 and is denoted "low stress". The
final unload cycle was after one cycle of secondary compression and unloaded to OCR=2 and is
referred to as "high stress". Maximum test stress varied slightly from test to test, but was
approximately 15 ksc. All reported values of swell ratio at high stress for intact BBC
(SR=0.0l 1±0.0039) were higher than values performed during the low stress unload/reload loop
for the same test (SR=0.0067±0.0017). This is expected, as the material is likely to have more
relaxation following load to high stress than at low stress.
Swell Ratio for intact BBC was observed to decrease with elevation (Figure 4-15) at high
stress, a conclusion echoed by Berman (1993). A similar trend was not observed at low stress
(Figure 4-16), but may be due to the limited number of tests performed on samples below El. -80
feet (CCB).
To investigate whether swell ratio had a stress-level dependence, several compression
tests on RBBC were collected over a large effective stress range. A summary of test properties
can be found in Table 4-2. Natural BBC was not investigated, as tests are not usually conducted
over a large range of normally consolidated stress, typically only 5-12 ksc. Compression curves
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for selected tests can be found in Figure 4-17. An average value of pre-swell compression ratio
was calculated, then divided by the incremental secant swell ratio and compared at incremental
OCR. CRS 1219 and CRS9 10 show very close agreement at 10 MPa. TX843 initially trends
along with CRS1219 and CRS 910, before trending slightly up around OCR=1.2. TX1046 was
included to supplement TX843, however test results diverge for reasons that remain unclear.
Although the pre-swell CR=0.106 for TX1046 was less than CRS 1219 and 910 (0.137 and
0.134, respectively), it was less than the CR=0. 172 for TX843 that plotted in between the three
tests. Despite the unknown reasons for divergence of TX1046, TX843 shows minor variation in
swell ratio behavior despite a stress magnitude approximately 10% of the tests at high stress.
4.5 COEFFICIENT OF LATERAL EARTH PRESSURE
A summary of previous research at MIT on lateral stress ratio and effective stress for
both intact and resedimented BBC can be found in Figure 4-19. A clear log-linear trend of Ko
over two log cycles of effective stress for resedimented clay (purple X's) was shown by research
by Abdulhadi (2009). Intact BBC from Boston and Cambridge showed significant variability
with no clear trend, except that data lies on both sides of the resedimented data, forming a scatter
band around the resedimented BBC trendline. Some of the scatter for intact BBC may be due to
experimental difficulties for samples with high Kc values. For a detailed explanation on how
lateral stress ratio influences strength behavior, see Section 6.2 of Chapter 6 of this thesis.
4.6 STRUCTURE OF INTACT AND RESEDIMENTED CLAYS
As noted in section 2.3 of Chapter 2 (Literature Review), Burland (1990) developed the
concept of the intrinsic compression line (ICL). The ICL represents a compression curve for
reconstituted clays based on the regression of laboratory data, when plotted in terms of void
index versus vertical stress (on a log scale). The void index, Is, is equal to:
Iv = (e - e*1oo) / (e*loo - e*looo) (Eq. 4.5)
Where e*1oo and e*1ooo are the void ratios at 100 and 1000 kPa, respectively, for a reconstituted
specimen. The resulting regression equation is equal to:
Iv = 2.45 -1.285x + 0.0 15x 3 (Eq. 4.6)
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Where x = log (o,), in kPa. Burland also gives equations for deriving e *oo in terms of eL, the
void ratio at the liquid limit (in lieu of laboratory data, if the void ratio at 100 kPa stress isn't on
the normally consolidated compression line):
e*loo = 0.109 + 0. 6 7 9 eL - 0.089eL2 + 0.016eL3, R2 = 0.991 (Eq. 4.7)
Lastly, Burland includes an equation for the intrinsic compression index, Cc*:
c* 0.256 eL - 0.04, R2 0.985 (Eq. 4.8)
Also noted in Burland's paper, was the sedimentation compression line (SCL), a
regression line for natural clays in void index vs. effective stress space. Although an equation is
not given for the SCL, Table 4-3 provides a list of points that comprise the SCL. It is important
to note that Burland's research is based on reconstituted clays. Burland defines a reconstituted
clay "as one that has been thoroughly mixed...between WL and 1.5 WL (preferably 1.25 WL)
without air drying or oven drying, and then consolidated-preferably under one-dimensional
conditions" (1990). While this is similar to the resedimented process conducted at MIT, there
are several key differences. First, resedimented clays are derived from a clay powder that has
been oven-dried, then mixed at a water content of 100%, which is approximately twice the liquid
limit. After mixing RBBC is placed under a vacuum to remove air and one-dimensionally
consolidated. For a thorough overview of the resedimentation process, see Section 3.2.2 by
Casey (2011).
Despite the differences between the reconstitution and resedimentation approach, RBBC
has many similar properties as intact clay, albeit without the large range in natural variation.
Using Burland's equations, which were considered to apply to resedimented soils as well, we
sought to answer several questions. First, where does RBBC fit in the Burland compression
framework, and secondly, does intact BBC lie close to the SCL, as expected for natural
"structured" clays?
To answer the above questions, several representative tests were considered. CRS1219
and 910 were considered to be representative of RBBC, while CRS318, 319, 320, and 336 were
selected from the Stata Center tests as uniform normally consolidated BBC based on radiograph
and boring logs. Data from Simmons Hall was not included because copies of radiograph logs
were not available. Void ratios at liquid limit were calculated using the relation:
Gw = Se (Eq. 4.9)
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assuming 100% saturation. Table 4-4 summarizes basic material properties for the above tests.
Using the basic properties and Burland's equation for void index, compression curves were
plotted in both void index vs. effective stress (log) and traditional void ratio vs. effective stress
(log) space as Figure 4-20 and Figure 4-21.
From the traditional compression curves, we see that all tests (excluding CRS318) show
some double curvature, traditionally reflective of structured clays due to ageing and drained
creep (Jamiolkowski et al., 1985) (Whittle, 2012) (Lee and Kwong, 2001). Both RBBC and
intact BBC have eL between 0.6 and 4.5 as suggested by Burland for equations (4.7) and (4.8) to
remain valid. We also see that tests on RBBC were carried out to approximately an order or
magnitude greater effective stress. More, interestingly, in the void index-effective stress space,
the two RBBC tests plot on or to the right of the sedimentation compression line, showing that
even laboratory-recreated clays can create significant internal structure during initial
consolidation. A similar trend was observed for intact BBC, which would be expected from
naturally deposited clays; a finding that is also in agreement with Santagata and Kang (2007).
However, although the intact BBC tests plot together in a family of curves within void ratio-log
stress space, differences in material behavior are magnified when plotted in the Burland space, as
evidenced by Figure 4-20.
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Table 4-1: Soil Properties for Selected CRS Tests on Intact BBC
Test Site Elevation we LL PL PI a'v a',(ft, CCB) (%) (%) (%) (%) (ksc) (ksc)
CRS1219 - - 46.5 46.5 23.5 23 - 8.2
CRS317 Stata -31 40 41 24 17 1.6 4.2
CRS287 Vassar -55.5 39 47 21 26 2.29 6.4
CRS283 Vassar -90.7 26 37 17 20 3.21 3.5
CRS290 Vassar -32 42 47 22 25 1.77 7
CRS294 Vassar -36 34 54 24 30 1.68 5.7
CRS343 Stata -72 25 28 15 13 2.48 4.4
Note: Atterberg Limits data for RBBC (CRS 1219) are from Abdulhadi (2009) and considered representative for
RBBC.
ierties for Selected RBBC Tests
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Table 4-3: Coordinates of the SCL (Burland, 1990)
(kPa)
0.4 3.84
1 3.24
4 2.42
10 1.92
40 1.22
100 0.77
400 0.13
1,000 0.3
4,000 -0.94
10,000 -1.36
Table 4-4: Material Properties for Selected Tests Used to Evaluate the Burland Relation
Test Material eI WL Gs eL e100  e1000  G v(max)
________ I I I ___ ___ (kPa)
CRS1219 RBBC 1.262 0.465 2.81 1.307 0.880 0.585 10493
CRS910 RBBC 1.197 0.465 2.81 1.307 0.880 0.585 9834
CRS33 Intact- 1.103 0.41 2.78 1.140 0.791 0.539 1500Stata
CRS318 Intact- 1.196 0.46 2.78 1.279 0.865 0.578 1340CRS318 Stata____
CRS319 Intact- 1.106 0.34 2.78 0.945 0.685 0.483 1514Stata
CRS320 Intact- 1.180 0.39 2.78 1.084 0.761 0.523 1523Stata _
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5. HYDRAULIC CONDUCTIVITY AND COEFFICIENT OF
CONSOLIDATION
5.1 INTRODUCTION
For the purposes of this research, only hydraulic conductivity was investigated, as
geotechnical engineers are frequently interested in the flow rate of water through clays for
estimating flow rates and rates of consolidation. Intrinsic permeability, often of interest to
geologists and petroleum engineers was not investigated.
Research on hydraulic conductivity of intact BBC was from constant rate of strain testing
(CRS) on specimens from three locations within Cambridge, MA: Building 68 (6 tests performed
by Berman), Stata Center (20 tests performed by Germaine/H&A) and Simmons Hall (10 tests
performed by Germaine/H&A).
Hydraulic conductivity of RBBC within the CRS mode of testing was also investigated
by three researchers at MIT. Force (1998) performed 7 CRS tests on RBBC, Gonzalez (2000)
performed 6 CRS tests on RBBC and Abdulhadi (2009) performed 3 CRS tests on RBBC.
Adams (2011) compared CRS and constant head test data and found both tests to produce similar
results of hydraulic conductivity for a number of soils, including BBC. A summary of applicable
tests, including test number, researcher, and source material can be found in Appendix A.
5.2 TRENDS WITH ATTERBERG LIMITS AND ELEVATION
To investigate in-situ hydraulic conductivity, interpretation of laboratory CRS results is
required. Figure 5-1 illustrates the typical construction required to extrapolate the in-situ
hydraulic conductivity. First, a straight line is drawn through the normally consolidated portion
of the laboratory data (early test data and unload data have been omitted for clarity). Next, a
horizontal line is drawn at the initial test void ratio, which is presumed to be equal to the in-situ
void ratio. Lastly, a vertical line is drawn through the intersection of the line corresponding to
the initial void ratio and the interpreted lab data down to the horizontal axis (hydraulic
conductivity). This was completed for each laboratory CRS test (excluding those conducted by
Berman, for which raw test data was not provided).
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Atterberg Limits and specimen water contents are plotted against interpolated in-situ
hydraulic conductivity in Figure 5-2. No observable trend was identified from plotted data,
although hydraulic conductivity appears to vary over one order of magnitude, from 1x10- 7 to
1x10-8 cm/s, independent of plasticity. Figure 5-3 shows in-situ hydraulic conductivity plotted
against elevation referenced to the Cambridge City Base datum (CCB). Again, significant
scatter is present, with an (log) average in-situ hydraulic conductivity of 4.02x10-8 cm/s ± 1.52
x10-8 cm/s, independent of depth. To examine whether the large scatter was due to sample
disturbance, values of hydraulic conductivity at a void ratio of e=0.8 were extrapolated from
plots of void ratio versus hydraulic conductivity as Figure 5-4, which will also be discussed in
the following section, Section 5.3: Hydraulic Conductivity and Void Ratio. Scatter decreased
slightly but no observable trend was identified, as significant variability remained.
5.3 HYDRAULIC CONDUCTIVITY AND VOID RATIO
Figure 5-5 plots in-situ hydraulic conductivity extrapolated to the in-situ void ratio from
CRS data. Figure 5-6 and Figure 5-7 use the same data from Figure 5-5, but instead plot in terms
of in-situ porosity, both separated out for individual exploration sites and for the aggregate data
set. Intact BBC had an average hydraulic conductivity of 4.02x10-8 cm/s± 1.52 x10-8 cm/s over
a void ratio range between 1.0 to 0.8, showing little dependence on void ratio. The most striking
feature of these plots are the poorly correlated (R2=0. 12) trendlines that result. One would
expect to see lower hydraulic conductivity associated with decreasing void ratio, based on
traditional soil mechanics theory. However, the plots show no clear trend for clay in its natural
state and that hydraulic conductivity appears to be independent of void ratio for clay at its in-situ
condition.
A similar lack of trend was observed by Tavenas et al. (1983) for St. Alban clay, a
sensitive clay from Southern Canada near the St. Lawrence River (in the footprint of the previous
Champlain Sea). Over a void ratio range from 2.5 to 1.1, in-situ hydraulic conductivity remained
approximately constant at 4 x 108 cm/s. Tavenas et al. proposed that the constant in-situ
hydraulic conductivity is due to "a reducing clay fraction and a decreasing plasticity index with
depth as the clay progressively changes into a silty material; as a result, the effect of reducing
void ratio is compensated by changes in the void shape and tortuosity so that the in-situ
permeability is nearly constant with either depth or void ratio. Thus relationships between eo and
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ko should not generally be expected, except in extremely homogeneous deposits" (1983).
Although clay fraction wasn't computed for the vast majority of tests, plasticity index was, and a
slightly decreasing plasticity index with elevation was observed for intact BBC from Cambridge,
as illustrated in Figure 5-8 (PI for E. and S. Boston appears to be approximately constant and no
hydraulic conductivity tests were performed for those sites). Although BBC is considered to be a
sensitive clay, it is far less sensitive than those from the Champlain area.
To see if this trend continued under compression, hydraulic conductivity of intact BBC
was compared at a selected void ratio of e=0.8 and compared to the in-situ condition, as Figure
5-4. Hydraulic conductivity showed a decrease from 4.02x10~8 cm/s ± 1.52 x10-8 cm/s to a mean
of 1.04x10-8 cm/s ± 2.49 x10~8 cm/s, which is in line with traditional soil mechanics theory that
decreasing void space should reduce subsequent flow velocity and echoes a conclusion made by
Abdulhadi (2009) for RBBC. However, significant scatter remained and no observable trend
with void ratio was identified.
In an effort to better compare the hydraulic conductivity of intact versus resedimented
BBC, hydraulic conductivity values were compared at a common stress of 10 ksc. Selecting 10
ksc as a common stress ensured behavior would be far along the normally consolidated line and
would minimize any effects due to sampling disturbance (although disturbance should be
minimal, as piston samplers and drilling mud were utilized during sampling). A plot of hydraulic
conductivity and void ratio at 10 ksc for both intact and resedimented BBC can be found in
Figure 5-9, from which several observations can be made. First, resedimented BBC formed a
band, having an approximately constant void ratio of 0.82 at 10 ksc with hydraulic conductivity
ranging from 1.6 x10-8 cm/s to 2.7x10-8 cm/s, with a mean hydraulic conductivity of 2.22 x10-8
cm/s ± 1.21x10-8 cm/s. Intact BBC had a larger spread, with void ratio ranging from 0.98 to 0.58
and hydraulic conductivity between 1.1 x10-7 to 1.98x10-9 cm/s at the in-situ condition, with a
mean value of 1.30 x10-8 cm/s ± 1.92x10-8 cm/s. The bottom three points that appear to be
outliers for the intact BBC correspond to the deepest samples obtained from their respective
boreholes. That these points appear to be outliers is surprising, as one would expect deeper clay
to be more uniform in consistency. Furthermore, their sample water contents were between their
respective liquid and plastic limit values. Their behavior may be partially attributed to a higher
silt content, as was noted on the logs for two of the tests, although no grain size distribution or
hydrometer testing were available for verification.
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A comparison of hydraulic conductivity at the natural state and at 10 ksc can be found in
Figure 5-10. From Figure 5-10 a clear reduction in hydraulic conductivity can be observed when
transitioning from the natural state to a stress of 10 ksc. Mean hydraulic conductivity decreased
from 4.02x10-8 cm/s ± 1.52 x10-8 cm/s at the in-situ condition to 1.30x10-8 cm/s ± 1.92 x10-8
cm/s. Indeed, this is similar to the trend reported by Abdulhadi (2009), that hydraulic
conductivity for RBBC decreases from k = 2x10 7 cm/s at 0.2 MPa to k = 3x10- 8 cm/s at 1.0
MPa.
A plot of hydraulic conductivity versus porosity for several CRS tests can be found in
Figure 5-11. CRS1219 was selected as a representative test for RBBC. Initially, CRS316 and
317 were selected at random from the intact BBC test data to compare to RBBC data. However,
a more useful approach was adopted by including test data at the upper and lower bounds of the
plasticity range for intact BBC. CRS343 from the Stata Center had the highest liquid limit of
any test from the available database (LL=54), while CRS294 from Simmons Hall had the lowest
plastic limit (PL=15). From Figure 5-11, we see that RBBC plots approximately in the middle of
the boundaries for the intact material and the slopes of the lines appear to be fairly similar. The
slight bend in the RBBC test between n=0.4 and n=0.45 is thought to be caused by temperature
fluctuations during testing (Horan, 2012) and not due to material behavior.
In-situ hydraulic conductivity from intact BBC is plotted against in-situ porosity in
Figure 5-12, overlain with the representative RBBC curve. One can see that the RBBC data fits
approximately through the center of the data spread, although significantly more data points lie
to the right of the RBBC line.
5.4 COEFFICIENT OF CONSOLIDATION
Coefficient of consolidation is a parameter that is comprised of both hydraulic
conductivity and the material's compressibility. Abdulhadi (2009) reported a stress-level
dependence for NC RBBC, with C,= 20x 10-4 cm2/s at a vertical effective stress of 0.2MPa
increasing up to Cv= 40x10-4 cm 2/s at a vertical effective stress of 0.9 MPa. Others have reported
similar and opposite trends for different clay mineralogies (Robinson and Allam, 1998).
Data from Simmons Hall and one test from Building 68 (5 others were performed, but
only one plot was included) were extrapolated back to the in-situ void ratio to obtain the
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coefficient of consolidation at its natural state. Tests from Simmons Hall were performed at
OCR=2, while the lone test from Building 68 was performed at OCR=10. Figure 5-13 shows that
the coefficient of consolidation appears to be approximately constant, with a mean value of
0.0029±0.0021 cm 2/s, with one exception. The one outlier is from CRS283, which likely lies
further away due to its lower liquid limit, possibly due to a higher silt content. However, when
incorporating the data from the Stata Center (shown as Figure 5-14, also performed at OCR=2),
significant scatter appears and the average coefficient of consolidation value increases to a mean
value of 0.0047±0.0026. Note that both boring programs came from a variety of depths; testing
was not segregated to one elevation. Although 7 of 20 tests from the Stata Center had sample
water contents greater than their respective liquid limit, they did not correspond to any of the
points trending higher in Figure 5-14.
Intact BBC had a coefficient of consolidation ranging from 0.001 to 0.022 cm2/s, which
blanketed the range of values of 0.0015 to 0.005 cm2/s over an effective stress range of 200 to
900 kPa for RBBC, as reported by Abdulhadi (2009). However, the mean Cv value for the entire
data set was just inside the range reported by Abdulhadi with a range of effective stresses
between 99 and 358 kPa and preconsolidation pressures ranging from 122 to 574 kPa. Thus data
from intact OC BBC had higher values of C, at a lower effective (or preconsolidation) stress than
those reported by Abdulhadi (2009) for NC RBBC, likely due to their overconsolidated state.
To sidestep the issues of varying elevation and plasticity, the data were also analyzed at a
selected consolidation stress of 10 ksc, the results of which are plotted as Figure 5-15 and Figure
5-16. Figure 5-15 also includes a resedimented BBC trendline from CRS1219 to an effective
stress of 107 ksc. The trendline, although smoothed, is saw-toothed due to electrical noise.
Figure 5-17 plots C, with stress level for intact and resedimented BBC. Again, the trendline for
RBBC from CRS 1219 is shown along with the previously plotted data at 10 ksc, which form a
vertical line at 10 ksc, both for intact and resedimented BBC. Also included are values of Cv
extrapolated back to the initial void ratio, which are plotted with in-situ stress (purple X's). The
same values of Co are also plotted with the preconsolidation pressure for reference (cyan
asterisks).
Cv for RBBC increases from "15x10~4 cm 2/s at a'v = 0.2 MPa to a range of 30-50x10-4
cm2/s at 'v = 10 MPa" for the normally consolidated regime, as reported by Abdulhadi (2009).
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Values of C, for RBBC were segregated around an average of 0.0037 ±0.00046 cm 2/s, with little
change in void ratio at 10 ksc. Cy for intact BBC was shown to decrease with increasing stress
level, an opposite trend and likely due to the transition from an overconsolidated to a normally
consolidated stress state. Indeed, at higher stress levels (-5X typical intact preconsolidation
pressures), coefficient of consolidation showed a marked decrease to an average value of
0.0017±0.0019 cm 2 /s, down from a mean of 0.0047±0.0026 cm 2 /s in its natural
(overconsolidated, in-situ) state. Intact BBC data blanketed the RBBC trendline from CRS 1219
and reaffirm its use as an analog test material.
5.5 IMPLICATIONS FOR LABORATORY TESTING AND SOIL
BEHAVIOR
Constant coefficient of consolidation is a requirement for incremental oedometer testing
for Terzaghi theory to remain valid. A constant C, was observed for Bldg. 68 and Simmons
Hall, but significant scatter was observed from results for the Stata Center (Figure 5-13 and
Figure 5-14). Fortunately C, does not need to be constant during constant rate of strain
consolidation testing and should be strongly considered if the deposit to be tested is known for
its heterogeneity (as is the case for BBC).
Another method for evaluating Terzaghi Theory is to plot the quotient of compression
index and permeability index against the in-situ void ratio. A constant line is required for
Terzaghi theory to remain valid. An approximately constant line (Cc/Ck ~ 1) was observed for
intact BBC, as illustrated in Figure 5-18. Four outliers can be distinctly observed at the ends of
the in-situ void ratio range. One of these tests, CRS339 had a specimen water content greater
than the liquid limit. Two other tests, CRS65 and CRS339 had Atterberg limits at the low and
high end of the expected range for BBC, respectively. A constant C, is also concurrent with
research by Tavenas et al. (1983) on "other Canadian clays", but dissimilar from that observed
for Champlain Clays.
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6. STRENGTH
6.1 INTRODUCTION
Strength of intact and resedimented BBC has been significantly studied in the past at
MIT. de La Beaumelle (1991) performed 19 SHANSEP triaxial tests on intact BBC (16 from
South Boston, 3 from East Boston), while Berman (1993) conducted 8 SHANSEP triaxial tests
on intact BBC from the Building 68 site on MIT's campus in Cambridge, MA. Estabrook (1991)
completed recompression triaxial tests on intact BBC. However, those recompression tests were
not included in subsequent analysis, as they all had test OCRs greater than 1 and this thesis only
considered normally consolidated BBC.
The majority of our recent knowledge on SHANSEP strength testing of resedimented
BBC comes from Abdulhadi (2009) who found a decrease in strength normalization properties,
with S (Su/'',) decreasing from 0.314 to 0.281 when 7'vm increases from 0.2 to 10 MPa.
Abdulhadi also completed the most tests of recent, performing 14 normally consolidated tests in
triaxial compression using fixed (traditional) end platens.
Casey (2011) focused on comparing fixed versus smooth (lubricated) end restraint. As
fixed (traditional) end restraint can create irregular pore pressure distributions and so-called
"dead zones", the use of lubricated end restraints are known to create more uniform pore
pressure distributions across the sample. Casey performed 6 triaxial tests on RBBC using
smooth end restraint. Sheahan (1991) also performed two tests using the smooth end restraint
that have been included for reference.
6.2 NORMALLY CONSOLIDATED LATERAL STRESS RATIO, KONC
A summary of previous research at MIT on undrained strength of RBBC and Ko can be
found in Figure 6-1. It also includes two tests performed by Santagata (1994). Research on
BBC by de La Beaumelle (1991) and Berman (1993) have been overlain as Figure 6-2 for the
South Boston, East Boston and Cambridge (Bldg. 68) sites as well. Lateral stress ratio for intact
BBC ranged from 0.435 to 0.615 with a mean Ko of 0.553 ± 0.041. The range of Ko for intact
BBC was greater than the range of Ko for RBBC of 0.518 to 0.564 over a stress range of 0.15
MPa to 10 MPa, as reported by Abdulhadi (2009), however the mean value is still within the
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upper bound of K0 as noted by Abdulhadi (2009). A plot of K0 and stress level was provided
previously as Figure 4-19. See Section 4.5 for further discussion on stress level and K.
From Figure 6-2, we see that the data for Cambridge and East Boston fit the existing data
for RBBC fairly well; however, this is not the case for the South Boston data. The South Boston
data set has several points with Ko values that are high for a given undrained strength and low for
a given undrained strength. Logical explanations for the outlying behavior are not readily
apparent, as specimen water contents appear to be within Atterberg Limits values for plasticity.
"Cracks", or apparent slip surfaces were sometimes reported, but were not noted for tests that
appear to be outliers. Generally, BBC is consolidated at 0.1%/hour and sheared at 0.5%/hr (de La
Beaumelle, 1991) (Berman, 1993). Abdulhadi (2009) consolidated RBBC at a slightly higher
rate of 0.15%/hr, but also sheared at 0.5%/hr. Both Force and Gonzalez (1998 and 2000,
respectively) evaluated various consolidation rates for RBBC for the CRS test, so rate of strain,
during consolidation and shear should not have been a root cause of data variability.
In an attempt to better define what may cause the above-mentioned scatter, the data were
compared to a trendline of previous research. The results from Abdulhadi (2009) were selected
as the baseline due to the large number of tests conducted and because the tests were performed
using traditional fixed end restraints, which were also used for intact BBC data. A plot of this
trendline and the resulting equation can be found as Figure 6-3. The trendline was defined by the
equation:
Su/c've = -1.0135 * Ko + 0.8431, R2 = 0.85, n = 14 (Eq. 6.1)
To compare intact data to the baseline provided by Abdulhadi's data, the absolute value
of the distance from the plotted intact point to the trendline, Ab was computed and compared to
index tests like specimen water content and Atterberg Limits, as grain size distributions and
density were not available for individual specimens. The trendline for Abdulhadi's data can be
found in Figure 6-3, while the comparison of Ab to index tests can be found in Figure 6-4.
From Figure 6-4, no clear trend between Atterberg Limits or water content with the
absolute value of the distance from the trendline was observed. Both plasticity and water content
appear to be independent of how far intact samples plotted away from the resedimented trendline
as reported by Abdulhadi (2009) for RBBC.
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6.3 UNDRAINED STRENGTH
A summary of previous research on normalized undrained strength with stress level of
RBBC at MIT using both fixed and smooth end restraint is provided as Figure 6-5. Data from
intact BBC from Cambridge and South and East Boston are overlain as Figure 6-6. From Figure
6-6, it can be observed that there is significant scatter in normalized undrained strength for the
intact BBC, both above and below the fixed end restraint data by Abdulhadi (2009). Peak
undrained strength for intact BBC varied from 0.319 to 0.259, with a mean value of 0.286 4
0.018 for 27 tests, with stress ranging from 0.275 to 2.7 MPa. As noted previously, Abdulhadi
(2009) found a decrease in normalized undrained strength from 0.326 to 0.281 when G'vm
increases from 0.2 to 10 MPa. This was also observed by Casey (2011) using lubricated end
platens. The upper bound and average strength for intact BBC is within the range reported by
Abdulhadi (2009) for RBBC, however the lower bound for intact BBC is significantly lower than
the lower bound for RBBC (0.281 versus 0.259). Data for normalized undrained strength of
intact BBC band around the RBBC trendline and may be indicative of a stress-level dependence,
although large scatter exists in the plotted data. To further investigate peak undrained strength
variations between intact and resedimented BBC, a similar approach was adopted as for lateral
stress ratio, K0 . A trendline was plotted through data by Abdulhadi, resulting in the equation:
Su/a'vc = -0.009 ln(a'vm) + 0.3555, R2 = 0.79, n = 14 (Eq. 6.2)
The absolute value of the distance from the trendline to the intact data point, Ab was
computed and compared to index tests and specimen water contents, which is plotted as Figure
6-7. From Figure 6-7, it can be observed that the plastic limit, liquid limit and water content
were approximately constant regardless of distance from the trendline and are thus independent
of the relationship between normalized undrained strength and stress level.
6.4 FRICTION ANGLE
A summary of past research at MIT on secant (large-strain) friction angle on
resedimented BBC is summarized in Figure 6-8. A similar figure can also be found in Chapter 5
of Casey (2011). Data for intact BBC has been overlaid as Figure 6-9. Large strain friction
angle ranged from 33.2 to 25.5 degrees, with a mean value of 30.5 ± 1.76 degrees. Again, the
upper bound and average value for pmo were within the range of 39.4 to 29.2 reported by
Abdulhadi (2009), however the lower bound large strain friction angle for intact BBC was lower
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than the range for RBBC. Generally, the data for intact BBC band around the data for RBBC
with considerable scatter and may be indicative of a stress-level trend. One outlier was observed
from the Cambridge data set (mo=25.5, ca'vm=844 kPa); no readily apparent reason for its
behavior was noted, and the specimen water content was within its Atterberg Limits. Two other
points had similarly low values of Pmo, but since Atterberg Limits were not included, the data
points were not included.
One potential reason for underlying data scatter could be the total strain during testing. If
various researchers used different strain criteria regarding when to terminate a particular triaxial
test, it could impair the ability to compare friction angle for the maximum obliquity condition
since samples hadn't been strained to a uniform strain; total strain should not affect friction angle
at peak strength, however, since BBC typically fails at 0.5% strain. Indeed, de La Beaumelle
(1991) sheared to 10% strain, while Berman (1993) sheared to 15±5% for intact BBC, while
Abdulhadi (2009) sheared to 10-12% axial strain for RBBC.
Figure 6-10 plots friction angle at peak strength and maximum vertical effective stress.
Friction angle at peak strength of intact BBC blanketed the RBBC trendline by Abdulhadi (2009)
with considerable scatter and may be indicative of a stress-level dependence. Friction angle (ep)
at peak strength for intact BBC ranged from 19.7 to 27 degrees, with a mean value of 22.7 + 1.75
degrees. This range is significantly larger than the reported range of 23 to 26 degrees over a
stress range of 0.15 to 1 MPa for RBBC, as reported by Abdulhadi (2009). Figure 6-11 plots
intact and RBBC friction angle at peak strength data and the line corresponding to Jaky's
equation:
K,, = 1 - sin (y) (Eq. 6.3)
One can see that intact and RBBC data generally fall below the line corresponding to Ko 1 -
sin (y), and thus using Jaky's equation will overestimate K0, and subsequently the horizontal
effective stress as well. Figure 6-12 plots Jaky's equation with the corresponding large-strain
friction angle ((pmo) for intact and RBBC. Jaky's line falls below both intact and RBBC data
points and is thus ineffective for predicting accurate values of Ko(NC) for BBC. The author
believes that Jaky's original equation was written for the friction angle at maximum obliquity,
but was unable to find a copy of the original paper by Jaky (1948).
To evaluate whether large-strain friction angle was affected by plasticity or water
content, Abdulhadi's dataset for RBBC was used as a trendline (Figure 6-13) and compared to
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large-strain friction angle for intact BBC, as Figure 6-14. From Figure 6-14, one can see that
there is no trend and that secant friction angle and plasticity and specimen water content appear
to be independent of one another.
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7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
7.1 SUMMARY AND CONCLUSIONS
7.1.1 Background
The Boston Basin is underlain by thick deposits of a sensitive, marine, illitic clay, locally
known as Boston Blue Clay, or BBC. In many areas of the city and surrounding areas, it can be
found in thicknesses exceeding 100 feet. Due to the nature of many of Boston's high-rise
buildings, like the Prudential and Hancock towers, as well as the extensive testing program
during the Central Artery/Tunnel (CA/T) project, known to many as the Big Dig, BBC is one of
the most studied clays. It is also well documented in local and national scientific and
engineering journals.
Despite its well documented engineering properties, BBC is a highly variable natural
deposit that requires careful site characterization. Furthermore, due to its large lateral extent,
obtaining high quality samples can be difficult and costly. As a result, MIT developed a
resedimentation process that recreates uniform BBC in the lab from a processed powder ground
up from large excavations on campus. Over the past 50 years, it has become an analog test
material from which significant volumes of research have been conducted.
Although intact and resedimented BBC are similar, large variation exists in natural clay
deposits due to basin-level geologic processes, both manmade and natural, such as pumping,
desiccation and ageing. Past researchers have compared the engineering properties of intact
BBC to RBBC, but a more recent compendium of knowledge and updated comparison are due.
This thesis serves to complete both of those objectives for BBC tested in CRS and triaxial
compression modes.
7.1.2 Previous Research
Numerous researchers have studied both intact and resedimented BBC and significant
contributions to soil behavior have been outlined in Chapter 2 - Literature Review. The
following will briefly describe past studies and notable accomplishments.
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Intact BBC
de La Beaumelle (1991) and Estabrook (1991) performed a number of strength tests on
intact BBC for the CA/T testing program. de La Beaumelle primarily focused on SHANSEP
testing, while Estabrook performed recompression tests. Their research was supplemented by
Berman (1993) who conducted additional CRS and SHANSEP testing for the Building 68 site on
MIT's campus. All three researchers found a large range in compression ratio for intact BBC
and wide spread in plasticity as reported by Atterberg Limits data.
CRS tests on intact BBC were also performed by Germaine (2000, 2002) for Haley and
Aldrich for the Simmons Hall Residence and Stata Center projects on the MIT campus.
RBBC
Force (1998) and Gonzalez (2000) both studied RBBC in CRS compression and ran a
number of hydraulic conductivity tests. Gonzalez found that Cv increases with stress level and
both found little change in Cv at high stress.
Sheahan (1991) was one of the first at MIT to use automated testing equipment. He
found an increase in Su with strain rate and also investigated strength of RBBC using lubricated
end platens. Santagata (1994) investigated sample disturbance and found that disturbance
decreases CR, increases measured strain and leads to an overestimation of the preconsolidation
pressure. Data from several strength tests by Sheahan and Santagata were used for comparison
to intact BBC data.
Abdulhadi (2009) performed the most comprehensive study of RBBC strength of recent
using traditional end platens. He found a decrease in Su, reduction in stiffness and reduction in
large strain friction angle with increasing stress level. Casey (2011) performed a number of tests
using lubricated end platens, and whose results were used for comparison. Horan (2012)
investigated the effect of salt content on RBBC; one of his CRS tests was used as a
representative baseline for RBBC.
7.1.3 Comparative Methodology
Intact and Resedimented BBC were compared using previous consolidation and strength
test data performed at MIT. For a test to be included, it needed: to be from the Boston area, have
available Atterberg Limits results (unfortunately, mainly performed on tube samples, not
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individual specimens following consolidation or strength testing), and be performed in the
normally consolidated range in CRS or triaxial compression. A list of utilized tests can be found
in Appendix A.
7.1.4 Compression
Compression Ratio
Compression ratio for RBBC was narrowly banded between 0.18 and 0.155 between 0.2
and 0.8 MPa (Abdulhadi, 2009). Intact BBC, in contrast, varied widely from 0.1 to 0.55, with a
mean CR of 0.196 ± 0.075 based on 67 tests, which is slightly above the range by Abdulhadi.
No links between CR and plasticity were observed. A relation between stress level and CR was
not observed for intact BBC, although CR was correlated to water content by the equation:
wc= -529.49(CR) 2 + 293.1CR + 2.3146, R2= 0.7 (Eq. 7.1)
This observation was also supported by a number of CRS tests that bounded the
representative RBBC compression index curve. Specimen water content was linked to whether
curves plotted above or below the RBBC trendline. CR was also found to increase with depth, as
one would expect for a deposit that becomes increasingly normally consolidated with depth.
Void ratio was observed to decrease with depth, as one would expect with increasing overburden
pressure.
Swell Ratio
Abdulhadi (2009) reported a range of swell ratio from 0.011 to 0.019 for RBBC. Swell
ratio for intact BBC ranged from 0.001 to 0.029, with a mean swell ratio of 0.009±0.0018, n=50.
SR for intact BBC laid just outside and at the low end of the range reported for RBBC. Swell
ratio was observed to be higher at high stress than at low stress for intact BBC, as would be
expected. A stress-level dependence for SR was not observed for intact BBC, although swell
ratio at high stress was found to decrease with elevation.
Preconsolidation Pressure and Lateral Stress Ratio
Abdulhadi (2009) observed a stress-level dependence for RBBC with K0, where:
Ko= 0.0081n(a'vm) + 0.5216, R2 = 0.81 (Eq. 7.2)
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Intact BBC data plotted on both sides of this trendline, but significantly more points sat above
the line, indicating RBBC may underestimate K due to geological processes like pumping,
desiccation and ageing that cannot be modeled in the laboratory.
Burland Compression Framework
A number of CRS tests on intact and resedimented BBC were compared to the intrinsic
and sedimentation compression lines (ICL, SCL, respectively) using the equations noted
previously by Burland. RBBC plotted just to the right of the SCL, while intact BBC plotted far
to the right, showing a very sedimented structure, as would be expected based upon past geologic
processes. This confirms previous work by Santagata and Kang (2007) and indicates that even
laboratory-recreated clays can be crafted to have significant structure. Furthermore, it supports
MIT's use of RBBC as an analog test material.
7.1.5 Consolidation Parameters
Hydraulic Conductivity
RBBC had a relatively small range of hydraulic conductivity, having an approximately
constant void ratio of 0.82 at 10 ksc with hydraulic conductivity ranging from 1.6 x10-8 cm/s to
2.7x10-8 cm/s, with a mean hydraulic conductivity of 2.22 x10-8 cm/s ± 1.21x10-8 cm/s.
Hydraulic conductivity of intact BBC had more variability than RBBC and was observed to be
independent of plasticity. In-situ hydraulic conductivity of intact BBC was found to be
independent of elevation and void ratio, with a mean value of 4.02x10-8 cm/s 1.52 x10-8 cm/s.
Tavenas et al. (1983) found a similar conclusion that was attributed to decreasing plasticity
index, a trend that was also observed for intact BBC from Cambridge, MA (plasticity index
appeared approximately constant for South and East Boston, but those sites did not have
hydraulic conductivity data). When hydraulic conductivity was compared at a stress of 10 ksc or
a void ratio of e=0.8, hydraulic conductivity decreased significantly to a mean of 1.30x10- 8 cm/s
1.92 x10-8 cm/s and 1.04x10-8 cm/s ± 2.49 x10-8 cm/s , respectively.
Using a representative trendline for RBBC from CRS 1219, intact data plot on either side
of the RBBC line, and several CRS tests from intact soil bound CRS 1219 on either side,
allowing us to conclude that hydraulic conductivity of intact BBC is similar to RBBC, but with
far more natural variability.
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Coefficient of Consolidation
RBBC had a C, ranging from 0.0015 to 0.005 cm2/s over an effective stress range of 200
to 900 kPa (Abdulhadi, 2009). CvO for intact BBC ranged from 0.001 to 0.022 cm2/s with a mean
value of 0.0047±0.0026 cm 2/s, with a lower range of effective and preconsolidation stress, and
independent of void ratio. Cv for intact BBC decreased from 0.0047±0.0026 cm 2/s at the in-situ
condition to 0.0017±0.0019 cm 2/s at 10 ksc, which is lower than the value of 0.0037±0.00046
cm2 /s for RBBC at 10 ksc.
7.1.6 Strength
Lateral Stress Ratio
Abdulhadi (2009) reported a range of Ko from 0.518 to 0.564 for RBBC. Lateral stress
ratio for intact BBC ranged from 0.435 to 0.615 with a mean KO of 0.553 ± 0.0413, which is
within the noted limits for intact BBC. Lateral stress ratio for intact BBC appeared to be
independent of specimen water content or plasticity.
Undrained Strength in Triaxial Compression
Normalized undrained strength for RBBC decreased from 0.326 to 0.281 when G'vm
increases from 0.2 to 10 MPa, as reported by Abdulhadi (2009). Peak undrained strength for
intact BBC decreased from 0.319 to 0.259, with a mean value of 0.286 ± 0.018 for 27 tests, with
stress ranging from 0.275 to 2.7 MPa. Intact BBC data plotted on either side of the resedimented
data, but a stress dependence was unclear and may have been due to the small range in maximum
vertical effective stress induced during testing or the large variability present within intact BBC.
Scatter between undrained strength and lateral stress ratio was greatest for South Boston data, for
reasons not readily apparent. Normalized undrained strength of intact BBC appears to be
independent of specimen water content or plasticity.
Friction Angle
Secant friction angle for RBBC ranged from 39.4 to 29.2 degrees, as reported by
Abdulhadi (2009). Large strain friction angle of intact BBC ranged from 33.2 to 25.5 degrees,
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with a mean value of 30.5 ± 1.76 degrees, with intact BBC generally having a relatively good fit
to RBBC data.
Friction angle (pp) at peak strength for RBBC ranged from 23 to 26 degrees over a stress
range of 0.15 to 1 MPa, as reported by Abdulhadi (2009). The range of friction angle at peak
strength for intact BBC was significantly larger, ranging from 19.7 to 27 degrees, with a mean
value of 22.7 ± 1.75 degrees.
Using the Jaky equation [Ko = 1 - sin (p)] overestimated K0 for intact BBC when using
the friction angle at peak strength. Using the secant friction angle in the Jaky equation
underestimated K0, and thus should not be used by practicing design engineers.
7.2 RECOMMENDATIONS
7.2.1 Record Keeping and Electronic Data Storage
A significant portion of the research for this thesis was spent data mining through
previous theses and compiling data into one central database in Microsoft Excel. Part of this was
due to the age of some of the research; in at least one case, the thesis hadn't been scanned, and
was only available through the Institute archives in paper copy. Even more recent research often
was available in Adobe PDF, with some individual researchers having electronic copies of past
work by others in Excel or SigmaPlot format. While some of the time was due to the author's
own inexperience and lack of familiarity with past research, the experience should serve as a
constructive experience for future researchers. The author recommends several steps to
encourage electronic data storage and periodic revisiting so that data isn't lost due to
incompatible file types:
1. Electronic Storage:
At the completion of a Thesis or reaching certain milestones, researchers at a minimum
should back up all regressed data in Microsoft Excel or similar format. Raw data files
should also be kept. At a minimum they should be backed up to a CD and stored in a
central location. Ideally, they would also be backed up to a server or "cloud" storage
system so that files could be accessed remotely from multiple locations. This would allow
future researchers the ability to use electronic copies of past research for simple
comparisons with new work. In addition, it serves a redundant function as well. While
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many researchers traditionally include large master tables with test number, initial
parameters, etc. the tables rapidly become too large to include every property. Keeping
files backed up electronically allows future researchers the ability to study other
properties that may not have been of particular interest in the past (and thus were not
summarized), but now have renewed importance.
2. Periodic Update of Electronic Files:
At periods no greater than every five years, previously stored electronic data should be
updated to the most recent file type so that old versions of common software programs do
not become incompatible with future versions of commercial software.
3. Standardization and/or Documentation of Parameter Definition and Criteria
Many plots referenced previously exhibited local banding or trends, with different sites
clearly identifiable from plotted data. While trending may be due to localized differences
in deposition conditions, subtle differences in mineral content or any other naturally-
varying phenomena, it is critical to be able to accurately state that differences are not a
result of unstandardized definitions of material parameters. For example, many
researchers report friction angle (phi) at peak strength and maximum obliquity. These
tests are commonly run to 10, 12 or greater than 15% strain. However, the value at
maximum obliquity may vary depending on how long the specimen was allowed to
strain. At a minimum, keeping electronic copies of data would eliminate this issue,
however, reporting criteria in the text of future theses is also recommended.
7.2.2 Future Work
Test Mode
This thesis attempted to comprehensively, albeit briefly compare the behavior of intact
versus resedimented, normally consolidated Boston Blue Clay (BBC), as tested in constant rate
of strain consolidation and triaxial compression testing environments. Future research could
compare the behavior of intact and RBBC in direct simple shear (DSS) and triaxial extension
modes as well. Although a time-consuming task, no new tests would need to be conducted, as
MIT already has a comprehensive database on BBC in these test modes, both for the intact and
resedimented clay.
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Additional Clay Mineralogies and Stress States
Future research could also expand the behavioral comparison to other types of clay and
clay minerals. Although BBC is an excellent test material because it is relatively uniform and
stable, including clays from other major urban centers that also have previous research on
resedimented soils, such as San Francisco Bay Mud (SFBM), Gulf of Mexico (GOM) Clay, and
London Clay would also be beneficial.
Lastly, research could also be expanded to overconsolidated clays.
Research Program
While the analyzed data support the continued use of resedimented BBC as an analog test
material due to its laboratory repeatability, enormous data scatter was observed for data from
intact BBC. There are a number of potential reasons for the data scatter, including sampling
disturbance (although this should be minimal due to the use of drilling mud and piston samplers)
and localized changes in geologic deposition due to pumping or desiccation. Despite these
possible explanations, the banding of data from individual sites and data scatter within individual
test sites, leads the author to believe that there may be additional natural phenomena that are
affecting material behavior. These phenomena may be continuing to pass by unnoticed due to
sometimes limited nature of typical testing programs. Therefore, a research program is proposed
to investigate the data scatter in natural BBC.
The program would utilize proper sampling protocol as outlined in the 2003 Casagrande
Lecture: Recommended Practice for Soft Ground Site Characterization (Ladd and DeGroot,
2003). This would include the use of heavy drilling mud, piston or block sampling and
radiography to obtain near-uniform normally consolidated intact BBC. Prior to CRS
consolidation and SHANSEP triaxial strength testing on the obtained intact BBC samples, a
number of index tests would be performed, including Atterberg Limits, gradation/hydrometer
testing, and salt content. Gradation testing was previously done on samples, but only on a small
percentage of the test program, as only 6 gradations were conducted for the CA/T testing
program, while over 46 triaxial tests were conducted. Gradation testing would help to confirm if
silt content generally increased with depth and its impact on soil behavior and strength.
91
Carbonate content and pH should also be elected for inclusion in the index testing
program to see if the effect has significant impact on material behavior. As mentioned
previously, testing criteria for total strain should be decided prior to testing and documented
during data reporting. After thorough review of the testing data to ensure that properties and
material behavior are not attributed to laboratory bias, the remainder of the intact material would
be used to create an RBBC slurry. Using the standard MIT resedimentation technique, the soil
would be oven-dried, ground, sieved, de-aired and consolidated. A laboratory testing suite
identical to the intact BBC testing suite would be performed on the RBBC material. This would
allow a one-to-one comparison of intact versus resedimented BBC behavior. Several CRS tests
should also be conducted using the reconstitution method as outlined in Burland (1990) and
compare the results using the same material consolidated using the resedimentation process
conducted at MIT. Test results would be plotted in the Burland space and their location relative
to the ICL or SCL could be compared for the two methods.
92
References
Abdulhadi, N.O. (2009). "An Experimental Investigation into the Stress-Dependent Mechanical
Behavior of Cohesive Soil with Application to Wellbore Instability", Ph.D. Thesis,
Massachusetts Institute of Technology
Adams, A.L. (2011). "Laboratory Evaluation of the Constant Rate of Strain and Constant Head
Techniques for Measurement of Hydraulic Conductivity of Fine Grained Soils", S.M. Thesis,
Massachusetts Institute of Technology
Berman, D.R. (1993). "Characterization of the Engineering Properties of Boston Blue Clay at the
MIT Campus", S.M. Thesis, Massachusetts Institute of Technology
Burland, J.B. (1990). "On the Compressibility and Shear Strength of Natural Soils",
G6otechnique 40 (3), pp. 329-378
Casey, B.A. (2011). "The Significance of Specimen End Restraint in High Pressure Triaxial
Testing of Cohesive Soil", S.M. Thesis, Massachusetts Institute of Technology
Coduto, D.P. (1999). "Compressibility and Settlement", Geotechnical Engineering: Principles
and Practices, Prentice Hall: Upper Saddle River, NJ, pp. 383-400
de La Beaumelle, A.C.L.A, (1991). "Evaluation of SHANSEP Strength-Deformation Properties
of Undisturbed Boston Blue Clay from Automated Triaxial Testing", S.M. Thesis,
Massachusetts Institute of Technology
Estabrook, A.H. (1991). "Comparision of Recompression and SHANSEP Strength-Deformation
Properties of Undisturbed Boston Blue Clay from Automated Triaxial Testing", S.M. Thesis,
Massachusetts Institute of Technology
Force, E.A. (1998). "Factors Controlling Pore-Pressure Generation during KO-Consolidation of
Laboratory Tests", S.M. Thesis, Massachusetts Institute of Technology
Haley and Aldrich, Inc (2000). Final Geotechnical Data Report - The Ray and Maria Stata
Center (MT), Cambridge, MA.
Haley and Aldrich, Inc (2002). Geotechnical Data Report - Vassar Street Student Housing
(MT), Cambridge, MA.
Horan, A.J. (2012). "The Mechanical Behavior of Normally Consolidated Soils as a Function of
Pore Fluid Salinity", S.M. Thesis, Massachusetts Institute of Technology
Gonzalez, J.H. (2000). "Experimental and Theoretical Investigation of Constant Rate of Strain
Consolidation", S.M. Thesis, Massachusetts Institute of Technology
93
Jamiolkowski, M. et al. (1985). New Developments in field and laboratory testing of soils.
Theme Lecture, 1 1 th Int. Conf. on Soil Mechanics and Foundation Engineering, San
Francisco.
Ladd, C.C., and DeGroot, D.J. (2003) "Recommended Practice for Soft Ground Site
Characterization: Arthur Casagrande Lecture", presented at the 12 th Panamerican Conference
on Soil Mechanics and Geotechnical Engineering: MIT, Cambridge, MA, 2003 (rev. 2004).
Lee, C.F, Lau, C.K., Ng, C.W.W., Kwong, A.K.L., Pang, P.L.R., Yin, J.-H., and Yue, Z.Q. Eds.
(2001). "Settlement of Pleistocene Clay Layer in Coastal Area, the reason, prediction and
measure (Tsuchida, T.)", Soft Soil Engineering, Swets and Zeitlinger: B.V., Lisse, The
Netherlands, pp. 67-80
Robinson, R.G. and Allam, M.M. (1998). "Effect of Clay Mineralogy on Coefficient of
Consolidation", Clays and Clay Minerals 46 (5), pp. 596-600
Santagata, M.C. (1994). "Investigation of Sample Disturbance in Soft Clays Using Triaxial
Element Tests", S.M. Thesis, Massachusetts Institute of Technology
Santagata, M.C. and Kang, Y.I. (2007). "Effect of Geologic Time on the Intial Stiffness of
Clays", Journal of Engineering Geology 89 (1-2), pp. 98-111
Sheahan, T.C. (1991). "An Experimental Study of the Time-Dependent Undrained Shear
Behaviour of Resedimented Clay Using Automated Stress-Path Triaxial Equipment", Ph.D.
Thesis, Massachusetts Institute of Technology
Tavenas, F., Jean, P., Leblond, P., Leroueil, S. (1983). "The Permeability of Natural Soft Clays.
Part II: Permeability Characteristics", Canadian Geotechnical Journal 20, pp. 645-660
Whittle, A.J. (2011). "Soil Behavior", MIT Course 1.322
94
Appendix A
Table A-1: Intact BBC Tests Used for Analysis
Bldg. 68 Simmons Hall Stata Center E. Boston S. Boston
(MIT) (MIT) (MIT) STS' STS'
H&A/Germaine, H&A/Germaine, de La Beaumelle,
Berman, 1993 2002 2000 Estabrook, 1991
CRS62 CRS283 CRS316 TX36 TX1
CRS63 CRS285 CRS317 TX37 TX2
CRS64 CRS286 CRS318 TX38 TX3
CRS65 CRS287 CRS319 TX40 TX4
CRS69 CRS289 CRS320 TX43 TX7
CRS91 CRS290 CRS323 TX54 TX8
TX143 CRS291 CRS325 TX55 TX10
TX144 CRS293 CRS326 TX11
TX147 CRS294 CRS330 TX14
TX162 CRS301 CRS331 TX17
TX163 CRS333 TX23
TX165 CRS335 TX25
TX166 CRS336 TX26
TX167 CRS338 TX28
TX174 CRS339 TX29
TX176 CRS341 TX30
TX178 CRS342 TX32
TX181 CRS343 TX34
TX184 CRS344 TX35
TX185 CRS345 TX63
TX188
TX190
TX191
TX192
TX195
TX197
TX198
TX202R
TX203
TX207R
TX212R
TX214
TX216
TX218R
Notes: 1. STS = Special Test Site
2. CRS = Constant Rate of Strain, TX = Triaxial, R=Recompression Test
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Table A-2: RBBC Tests Used for Analysis
Abdulhadi, Casey, Force, Gonzalez, Horan, Santagata, Sheahan,
2009 2011 1998 2000 2012 1994 1991
CRS905 TX1030 CRS238 CRS269 CRS1219 TX130 TX11
CRS910 TX1031 CRS239 CRS272 TX123 TX13
CRS912 TX1036 CRS241 CRS273
TX724 TX1059 CRS242 CRS334
TX727 TX1070 CRS243 CRS337
TX732 TX1073 CRS244 CRS351
TX741 CRS250
TX748
TX757
TX762
TX787
TX788
TX793
TX798
TX803
TX811
TX829
RBBC Batch No.
IV Iv IV Iv IV III III
Note: 1. CRS = Constant Rate of Strain, TX = Triaxial
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